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ABSTRACT OF THE THESIS 
 
Nuclear ABL Programs Extracellular Vesicles for Transmission of Ionizing Radiation-
Induced Bystander Effects 
 
by 
 
Josolyn Chan 
 
Master of Science in Biology 
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Professor Jean Y. J. Wang, Chair 
Professor Amy Kiger, Co-Chair 
 
 
 Radiation therapy is used to treat many diseases such as cancer. However, off-
targeted side-effects called bystander effects are observed in patients post radiotherapy. 
Bystander effects are when non-irradiated cells exhibit similar effects as directly 
irradiated cells. Understanding how these bystander effects are mediated can help 
improve cancer treatment. Previous work from our lab has shown that 
viii 
 
extracellular vesicles derived from conditioned media of irradiated mouse embryonic 
fibroblasts mediate radiation-induced bystander effects by inhibiting clonogenic survival, 
increase γH2AX, and increase ROS. However, when the protein Abl is mutated so that it 
no longer can enter the nucleus, the EVs from the conditioned media of these irradiated 
cells do not cause bystander effects. When nuclear Abl is reconstituted into these mutant 
cells, the EVs from the conditioned media of these irradiated cells cause bystander effects 
such as increase γH2AX and increase ROS. This suggests that nuclear Abl is required for 
extracellular vesicle mediated radiation-induced bystander effects. Abl inhibitors are 
FDA approved and might be viable treatments to reduce bystander effects in patients 
undergoing radiation therapy. Additionally, in a paper previously published by our lab, 
nuclear Abl is required for miR-34c processing. Since EVs can contain miRNAs as 
cargo, miR-34c could be involved in the nuclear Abl dependent extracellular vesicle 
mediated radiation-induced bystander effects. This offers another possible treatment 
target to counter radiation-induced bystander effects. 
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I. 
INTRODUCTION 
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Radiation therapy has long been used for the treatment of many types of diseases, 
especially cancer. Patients diagnosed with idiopathic menorrhagia, excessive menstrual 
bleeding, are successfully cured with radiation treatment (Stewart and Tovell, 1923). 
Prostate and bladder cancer patients also are treated with radiation (Kidd, 1925). 
However, the side-effects of radiation, also referred to as bystander effects, can be 
detrimental. The bystander effect is the phenomenon that occurs when the effects of 
ionizing radiation such as DNA damage response are observed in non-irradiated cells 
near or distant from directly irradiated cells (Wright and Coates, 2005). These radiation-
induce bystander effects often lead to patients developing secondary diseases. Patients 
with ankylosing spondylitis, inflammation of the spine, that were treated with radiation 
had a higher rate of developing leukemia and aplastic anemia (Court-Brown et al., 1957). 
In another study, women that were treated with radiation for a benign gynecological 
disorder were at a higher risk of developing leukemia, lymphoma, and multiple myeloma 
(Inskip et al., 1993). The study also observed a 70% increase in mortality in this group of 
women over a period of 25 years (Inskip et al., 1993). Although these bystander effects 
can increase the risk of relapse and developing secondary malignancies, radiation remains 
one of the leading treatments for cancer and no additional treatments have been 
implemented to counter or reduce the bystander effects. Understanding how these 
bystander effects are mediated can improve cancer therapy by reducing the toxic side-
effects of radiation in normal tissues and enhance the killing of cancer cells.  
Soluble factors such as cytokines have been suggested to mediate bystander 
effects (Wright and Coates, 2005). Cytokines are small proteins secreted by a variety of 
cell types, such as immune cells, for cell-to-cell communication (Parham, 2015). 
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Inflammation, which is a response to cytokines, is observed in mice after being irradiated 
(Lorimore et al., 2001). Cytokines are present and may affect cells and tissues 
surrounding the tumors, but they are unlikely to be effective at causing bystander effects 
in tissues further away due to dilution in circulation (Prise et al., 2009). However, recent 
publications suggest that extracellular vesicles (EVs), small, membrane surrounded 
structures, play an important role in mediating cell-to cell communication (Bang and 
Thum, 2012). EVs is a general term used to describe all exosomes and microvesicles 
which are generally formed intracellularly by inward budding of vesicles into the 
endocytic compartment of multivesicular bodies (MVB). The EVs in the MVB are then 
either targeted to lysosomes for degradation or released by the fusion of MVB with the 
plasma membrane (Jelonek et al., 2016). EVs can also be formed through exocytosis and 
released into extracellular space. EVs have been detected in circulation and have the 
capacity of delivering intracellular content such as proteins, DNA, RNA, and microRNA 
from one cell to neighboring or distant cells (Bang and Thum, 2012). The contents of 
EVs are unlikely to be diluted through circulation because all contents are surrounded by 
a membrane will be released once inside recipient cells (Jelonek et al., 2016). Therefore, 
we are investigating whether EVs mediate the bystander effects of ionizing radiation.   
 Preliminary data shows that conditioned media from irradiated mouse embryonic 
fibroblasts (3T3 cells) inhibit clonogenic survival, a bystander effect, compared to cells 
treated with conditioned media from nonirradiated cells (Rastogi et al., unpublished). To 
further investigate the cause of this bystander effect, EVs were collected from 
conditioned media of irradiated and non-irradiated 3T3 cells by ultracentrifugation 
(Thery et al., 2006). The supernatant and the pellet, which contains EVs, were collected 
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to determine which component of the conditioned media caused bystander effects. When 
non-irradiated 3T3 cells were treated with the supernatant from non-irradiated and 
irradiated cells, there was no significant difference between the survival fractions of the 
cells compared to cells treated with PBS. This indicates that clonogenic survival was not 
inhibited. However, when 3T3 cells were treated with EVs from conditioned media of 
irradiated cells, clonogenic survival was significantly reduced compared to cells treated 
with EVs from nonirradiated conditioned media and compared to cells treated with PBS 
(Rastogi et al., unpublished). Additionally, the cells treated with EVs from the 
conditioned media of irradiated cells exhibited characteristics of DNA damage similar to 
directly irradiated cells (Rastogi et al., unpublished). H2AX is a histone that becomes 
phosphorylated in the response to double-stranded breaks in DNA (Sadatomi et al., 
2013). Reactive oxygen species (ROS) are chemically reactive molecules that increase in 
response to environmental stress. When cells were treated with EVs from conditioned 
media of irradiated cells, γH2AX and ROS levels increased. This suggests that EVs 
mediate radiation-induced bystander effects.   
Previous publications have demonstrated that ionizing radiation can influence the 
contents of EVs and their secretion rate which can affect the function of recipient cells 
(Jelonek et al., 2016). EVs from irradiated glioblastoma cells increase motility in 
recipient cells due to a higher amount of CTGF mRNA and IGFBP2 protein contained 
inside the EVs (Jelonek et al., 2016). Additionally, irradiated glioblastoma cells that 
overexpress p53, a tumor suppressor gene commonly mutated in cancer cells, are 
observed to secrete EVs at a higher rate (Jelonek et al., 2016). Therefore, the next part in 
5 
 
 
 
our investigation is to determine the content of EVs from irradiated 3T3 cells that are 
inducing the bystander effects of ionizing radiation.  
Abl is a nonreceptor tyrosine kinase involved in many cellular pathways including 
cell proliferation, apoptosis, and DNA damage response (Wang, 2014). Depending on the 
signal it receives, Abl can shuttle between the cytoplasm and nucleus to initiate different 
cellular responses. Abl translocates to the nucleus in response to DNA damage and is 
required for regulating DNA damage induced apoptosis and miRNA processing (Sridevi 
et al., 2013; Tu et al., 2015). Abl has three nuclear localization signals (NLS) which 
allows Abl to localize to the nucleus (Wang, 2014). In order to better understand Abl’s 
role in the cell’s response to DNA damage, we knocked-in mutations in the three NLS 
regions of Abl in embryonic stem cells to inhibit the nuclear localization of Abl (Preyer 
et. al., 2007). From the embryonic stem cells, we generated mice and collected the 
embryonic fibroblasts from homozygous mutated-Abl (Abl-µNLS) mice for our 
experiments. When these 3T3 Abl-µNLS cells are treated with cisplatin, a chemotherapy 
drug that causes DNA damage, a reduction in apoptosis is observed compared to the 3T3 
cells expressing wild type Abl suggesting that nuclear localization of Abl is required for 
DNA damage responses (Sridevi et al., 2013). Since DNA damage response is a 
bystander effect, nuclear Abl might be required for the extracellular vesicle mediated 
radiation-induce bystander effects. My project attempts to answer this question by 
extracting EVs derived from conditioned media of 3T3 Abl-µNLS cells and analyzing 
clonogenic survival, ROS levels, and γH2AX in responder cells, 3T3 Abl-wt cells. To 
further confirm the presence of a direct correlation, 3T3 Abl-µNLS cells were 
reconstituted with a functional nuclear Abl (R-Abl). EVs were extracted from the 
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conditioned media of these cells and used to analyze clonogenic survival, ROS levels, 
and γH2AX in responder cells.  
If nuclear Abl is required for radiation-induced bystander effects, it might be 
regulating the EV cargo. EVs can contain many different cargo such as protein, DNA, 
RNA, and miRNA. From a previous paper published by our lab, Abl is involved in 
miRNA processing, particularly miR-34c, by phosphorylating DGCR8 which recruits 
Drosha to process microRNAs (Tu et al., 2015). miRNAs are short, non-coding RNAs 
that regulate gene expression by binding to target mRNAs and signaling them for 
degradation or translational repression. When cells were treated with imatinib, an Abl 
inhibitor, and doxorubicin, a DNA damage inducing chemotherapy drug, miR-34c 
production was significantly reduced compared to cells treated with only doxorubicin 
indicating that Abl is required to promote miR-34c expression (Tu et al., 2015). If nuclear 
Abl is required for extracellular vesicle mediated radiation-induced bystander effects and 
Abl is involved in miRNA processing, miR-34c could be a potential cargo contained in 
the EVs causing bystander effects. 
Since EVs mediate the bystander effects of ionizing radiation, my project will 
answer whether nuclear Abl is required for extracellular vesicle mediated ionizing 
radiation-induced bystander effects and suggest whether miR-34c is a potential EV cargo. 
If nuclear Abl is required, Abl inhibitors, which are FDA approved drugs, could be viable 
treatments to reduce radiation-induced bystander effects. Additionally, if EVs from 
irradiated cells carry miR-34c and cause bystander effects, miR-34c could also be another 
target for therapy.  
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II. 
RESULTS 
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EVs were extracted by ultracentrifugation from conditioned media of 3T3 Abl- 
µNLS cells 24 hours after irradiation at 10gy or no irradiation (control). The presence of 
EVs from conditioned media of irradiated and non-irradiated 3T3 Abl-µNLS cells was 
confirmed using Nanoparticle Tracking Analysis (Figure 1A&1B). The mean particle 
size for each sample was within the expected size range of EVs (50-200nm). The amount 
of protein measured using the Lowry Assay correlated with the particle concentration 
(Figure 1C). µEV-C represents EVs from conditioned media of non-irradiated 3T3 Abl-
µNLS cells while µEV-IR represents EVs from conditioned media of irradiated 3T3 Abl-
µNLS cells. Protein concentration was used to quantitate the amount of EVs added to 
experiments.  
 Titration of µEV-C and µEV-IR treatments were done in a colony formation 
assay (Figure 2). Responder cells (3T3 Abl-wt cells) were treated with 25µg, 50µg, and 
100µg of µEV-C and µEV-IR for 24 hours. The 25µg and 100µg µEV-C and µEV-IR 
treatments produced similar sized and amounts of colonies (Figure 2A). The survival 
fractions were calculated by dividing the number of colonies formed by number of cells 
seeded and multiplied by the plating efficiency. A cluster of fifty or more cells were 
counted as a colony. PBS treatment was set to 1 and the other sampled were adjusted 
according to PBS (Figure 2B). The variations between the relative average survival 
fractions for both µEV-C and µEV-IR treatments were not statistically significant (Figure 
2B). µEV-IR did not inhibit clonogenic survival in responder cells. This is contrary to the 
preliminary results of clonogenic inhibition in responder cells treated with EVs from 
conditioned media of irradiated 3T3 Abl-wt cells. 
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In oxidative stress detection assay, responder cells were treated with 3.75µg of 
EVs for 24 hours. Live cell images were taken and the images were analyzed by ImageJ. 
Representative images show low ROS staining in cells treated with µEV-C and µEV-IR 
(Figure 3A). Relative ROS levels were calculated by dividing the mean ROS staining by 
the mean cell tracker staining per cell. The population mean of the PBS sample was set to 
1 and the other samples were adjusted accordingly. There was no statistical significance 
in relative ROS levels between µEV-C and µEV-IR treatments (Figure 3B). EV-IR, EVs 
derived from conditioned media of irradiated 3T3 Abl-wt cells, was used as a positive 
control and was statistically significant compared to PBS treated responder cells (Figure 
3B). µEV-IR did not increase ROS levels in responder cells as opposed to EV-IR which 
induced a 1.9-fold increase in ROS levels (Figure 3B).  
Responder cells were again treated with 3.75µg of µEV-C or µEV-IR for 24 hours 
and collected for immunofluorescence microscopy to analyze γH2AX. Representative 
images show low γH2AX staining in cells treated with both µEV-C and µEV-IR 
compared to the positive control EV-IR treatment (Figure 4A). Images were analyzed by 
ImageJ and the mean pixel intensity of γH2AX per cell for each condition was quantified. 
The PBS sample was set to 1 and the other samples were adjusted accordingly. No 
significant difference in γH2AX pixel intensity was observed in responder cells treated 
with µEV-C and µEV-IR (Figure 4B). As opposed to cells treated with EV-IR which had 
a 2.2-fold increase in γH2AX pixel intensity and was statistically significant compared to 
PBS (Figure 4B).   
3T3 Abl-µNLS cells were also directly irradiated to determine if they exhibit the 
direct effects of radiation. Abl-wt and µNLS cells were directly irradiated and seeded for 
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colony formation assay. The representative images show very few colonies grew from the 
directly irradiated Abl-wt and Abl-µNLS cells compared to their controls (Figure 5A). 
The survival fractions between the directly irradiated and non-irradiated Abl-wt cells 
were statistically significant (Figure 5B). Similarly, the survival fractions between the 
directly irradiated and non-irradiated Abl-µNLS cells were also statistically significant 
(Figure 5B). Direct irradiation inhibits clonogenic survival in Abl-µNLS cells. 
γH2AX was also analyzed in directly irradiated Abl-µNLS cells. Representative 
images show high γH2AX staining in directly irradiated Abl-wt and Abl-µNLS cells 
compared to their controls (Figure 6A). The mean pixel intensity of γH2AX in directly 
irradiated Abl-wt cells was 1.6-fold higher than non-irradiated Abl-wt cells (Figure 6B). 
Similarly, the mean pixel intensity of γH2AX in directly irradiated Abl-µNLS cells was 
1.7-fold higher than non-irradiated Abl-µNLS cells (Figure 6B). This experiment was 
only done twice so no statistical analysis was conducted.  
To further identify a direct correlation with nuclear Abl and EVs causing 
radiation-induced bystander effects, a fully functional Abl was reconstituted into Abl-
µNLS cells to rescue the effects caused by EVs from irradiated Abl-wt cells. R-µNLS are 
Abl-µNLS cells reconstituted with mutated Abl and R-Abl are Abl-µNLS cell 
reconstituted with a fully functional Abl. EVs were extracted by ultracentrifugation from 
the conditioned media of these cells 24 hours after 10gy of irradiation (IR) or no 
irradiation (C). The presence of EVs was again verified using Nanoparticle Tracking 
Analysis (Figure 7A-D). The mean particle size for each sample was within the expected 
size range for EVs (50-200nm). The total protein of EVs extraction from these cells was 
similar to the total protein from EVs of 3T3 Abl-µNLS cells (Figure 7E).  
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 Responder cells were treated with 25µg of R-µNLS and R-Abl µEV-C and µEV-
IR for 24 hours for a colony formation assay. Representative images show similar sized 
and amounts of colonies grew in all four conditions (Figure 8A). The survival fractions 
were not statistically significant between responder cells treated with R-µNLS µEV-C 
and µEV-IR (Figure 8B). Similarly, the survival fractions between responder cells treated 
with R-Abl µEV-C and µEV-IR were also not statistically significant (Figure 8B).  
 Oxidative stress assay of responder cells treated with 3.75µg of R-µNLS and R-
Abl µEV-C and µEV-IR analyzed ROS levels 24 hours after treatment. Representative 
images show high ROS staining in cells treated with R-Abl µEV-IR compared to R-Abl 
µEV-C (Figure 9A). There was also low ROS staining in cells treated with R-µNLS 
µEV-C and µEV-IR (Figure 9A). The responder cells treated with R-Abl µEV-IR had a 
2.2-fold increase in the relative ROS levels which was statistically significant compared 
to cells treated with R-Abl µEV-C (Figure 9B). This fold increase was similar to the 2-
fold increase in relative ROS levels of the EV-IR treated cells (Figure 9B). There was no 
statistical significance in relative ROS levels between cells treated R-µNLS µEV-C and 
µEV-IR (Figure 9B).  
 γH2AX was also analyzed in responder cells treated with 3.75µg R-µNLS and R-
Abl µEVs. High γH2AX staining was seen in cells treated with R-Abl µEV-IR compared 
to R-Abl µEV-C (Figure 10A). Low γH2AX staining was seen in cells treated with R-
µNLS µEV-C and µEV-IR (Figure 10A).  The mean pixel intensity of cells treated with 
R-Abl µEV-IR was 2-fold higher than PBS which was statistically significant compared 
to cells treated with R-Abl µEV-C (Figure 10B). This fold increase was similar to the 2-
fold increase of γH2AX pixel intensity in EV-IR treated cells (Figure 10B). There was no 
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statistical significance between the mean γH2AX pixel intensity of cells treated with R-
µNLS µEV-C and µEV-IR (Figure 10B).  
 R-µNLS and R-Abl cells were directly irradiated and seeded for a colony 
formation assay. Directly irradiated R-µNLS and R-Abl cells resulted in very few 
colonies compared to non-irradiated R-µNLS and R-Abl cells (Figure 11A). The survival 
fractions of non-irradiated R-µNLS and R-Abl cells were set to 1 and the survival 
fractions of the directly irradiated R-µNLS and R-Abl cells was adjusted accordingly. 
The survival fractions of the directly irradiated R-µNLS and R-Abl cells was close to 0 
(Figure 11B).  
 γH2AX was also analyzed in directly irradiated R-µNLS and R-Abl cells. There 
was higher γH2AX staining in directly irradiated R-µNLS and R-Abl cells compared to 
non-irradiated cells (Figure 12A). The mean pixel intensity γH2AX of directly irradiated 
R-µNLS cells was 1.5-fold higher than non-irradiated R-µNLS cells (Figure 12B). The 
mean pixel intensity of directly irradiated R-Abl cells was 1.6-fold higher than non-
irradiated cells (Figure 12B).  
 EVs were extracted from the conditioned media of 293T cells transfected with 
vector, Ablppn, miR-34c, and a combination of miR-34c+Ablppn. Nanoparticle tracking 
analysis was used to verify the size of the particles present. The mean particle size for all 
four samples were similar and within the expected size range of EVs (Figure 13A-D). 
The total EV protein extracted for each condition was also similar to each other and to the 
total EV protein of 3T3 Abl-wt and Abl- µNLS cells. (Figure 13B).  
 ROS levels in responder cells treated with 3.75µg EVs from transfected 293T 
cells were analyzed through an oxidative stress detection assay. The responder cells 
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treated with EVs from 293T cells transfected with miR-34c+Ablppn had higher ROS 
staining compared to cells treated with EVs from 293T cells transfected with only vector, 
Ablppn, and miR-34c which had low ROS staining (Figure 14A). The ROS level of PBS 
treated responder cells was set to 1 and the ROS levels for the other samples was adjusted 
accordingly. The relative ROS level in responder cells treated with EVs from 293T cells 
transfected with miR-34c+Ablppn was 2.2-fold higher than PBS treated cells (Figure 
14B). While the relative ROS levels of responder cells treated with EVs from 293T cells 
transfected with only vector, Ablppn, and miR-34c were comparable to PBS (Figure 
14B).  
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Figure 1: Quantification of extracellular vesicles derived from conditioned media of 
3T3 Abl- µNLS cells by nanoparticle tracking analysis and protein (A) average size 
distribution of nanoparticles present in EV samples from non-irradiated 3T3 Abl-µNLS 
cells, red area represents standard deviation, mean: 171±4.8nm, standard deviation: 
72±3.3nm, total concentration: 9.09 ±0.52 e8 particles/mL, n=3; (B) average size 
distribution of nanoparticles present in EV samples from irradiated 3T3 Abl-µNLS cells, 
red area represents standard deviation, mean: 155±3.5nm, standard deviation: 67±1.1nm, 
total concentration: 9.83±0.36 e8 particles/mL, n=3; (C) total protein of EV samples 
collected per 10 million cells seeded, protein measured using Lowry Assay, n=6, p>0.05. 
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Figure 2: µEV-IR did not inhibit clonogenic survival in responder cells.  
(A) Representative images of colony formation assay of responder cells treated 
with 25µg and 100µg µEV-C and µEV-IR for 24 hours, fixed with methanol, 
stained with crystal violet; (B) Relative survival fractions of responder cells 
from colony formation assay after 24 hrs. of various µEV treatments, n=3, 
p>0.05. 
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Figure 3: µEV-IR did not increase ROS levels in responder cells.  
(A) Representative images of oxidative stress detection assay analyzing ROS levels 
of responder cells treated with 3.75µg of µEV-C and µEV-IR for 24 hours, cell 
volume (cell tracker): red, ROS (oxidative stress detection reagent): green, scale-bar: 
50µm; (B) Quantitative image analysis of ROS levels in population of cells 24 hours 
after µEV-C and µEV-IR treatment, values presented as means ± SEM, n=3, * 
p<0.05, NS: p>0.05. 
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Figure 4: µEV-IR did not increase γH2AX in responder cells.  
(A) Representative images of immunofluorescence microscopy analyzing γH2AX 
in responder cells treated with 3.75µg of µEV-C and µEV-IR for 24 hours, DNA 
(DAPI): blue, γH2AX: green, scale bar: 50µm; (B) Quantitative image analysis of 
γH2AX in population of cells 24 hours after µEV-C and µEV-IR treatment, values 
presented as means ± SEM, n=3, * p<0.05, NS: p>0.05. 
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Figure 5: Direct radiation inhibits clonogenic survival in 3T3 Abl-wt cells and 
3T3 Abl-µNLS cells. (A) Representative images of developed colonies formed 15 
days after Abl-wt cells and Abl-µNLS cells were irradiated at 10gy (IR) or not 
irradiated (Con), fixed with methanol, stained with crystal violet; (B) Relative survival 
fractions of directly irradiated (IR) and non-irradiated (Con) Abl-wt cells and Abl-
µNLS cells from colony formation assay, n=3, *p<0.05. 
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Figure 6: Direct radiation increases γH2AX in 3T3 Abl-wt cells and 3T3 Abl- 
µNLS cells. (A) Representative images of immunofluorescence microscopy analyzing 
γH2AX in directly irradiated (IR) and non-irradiated (Con) Abl-wt cells and Abl-µNLS 
cells, DNA (DAPI): blue, γH2AX: green, scale bar: 50µm; (B) Quantitative image 
analysis of γH2AX, values presented as means ± SEM, n=2. 
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Figure 7. Quantification of extracellular vesicles derived from conditioned media of 
Reconstituted 3T3 Abl-µNLS cells by nanoparticle tracking analysis and protein (A) 
average size distribution of nanoparticles present in EV samples from non-irradiated R-
µNLS cells, red area represents standard deviation, mean: 134±3.7nm, standard deviation: 
61±1.3nm, total concentration: 5.86 ±0.44 e8 particles/mL; (B) average size distribution of 
nanoparticles present in EV samples from irradiated R-µNLS cells, mean: 129±3.1nm, 
standard deviation: 57±3.6nm, total concentration: 7.45±0.35 e8 particles/mL; (C) average 
size distribution of nanoparticles present in EV samples from non-irradiated R-Abl cells, 
mean: 120±2.7nm, standard deviation: 51±3.1nm, total concentration: 9.16±0.69 e8 
particles/mL; (D) average size distribution of nanoparticles present in EV samples from 
irradiated R-Abl cells, mean: 119±5.6nm, standard deviation: 55±4.3nm, total 
concentration: 7.29 ±0.13 e8 particles/mL; (E) total protein of EV samples collected per 10 
million R-µNLS and R-Abl seeded, protein measured using Lowry Assay, n=6, p>0.05.  
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Figure 8: R-Abl µEV-IR did not inhibit clonogenic survival in responder cells. 
(A) Representative images of developed colonies formed 15 days after being treated with 
3.75µg of R-µNLS and R-Abl µEV-C and µEV-IR for 24 hours, fixed with methanol, 
stained with crystal violet; (B) Relative survival fractions of responder cells from colony 
formation assay after 24 hours of R-µNLS and R-Abl µEV treatments, n=3, p>0.05. 
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Figure 9: R-Abl µEV-IR increases ROS levels in responder cells. 
A) Representative images of oxidative stress detection assay analyzing ROS levels in 
responder cells treated with 3.75µg of R-µNLS and R-Abl µEV-C and µEV-IR for 24 
hours, cell volume (cell tracker): red, ROS (oxidative stress detection reagent): green, 
scale-bar: 50µm; (B) Quantitative image analysis of ROS levels in population of cells 
24 hours after R-µNLS and R-Abl µEV treatments, values presented as means ± SEM, 
n=3, * p<0.05. 
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Figure 10: R-Abl µEV-IR increases γH2AX in responder cells. 
(A) Representative images of immunofluorescence microscopy analyzing γH2AX in 
responder cells treated with 3.75µg of R-µNLS and R-Abl µEV-C and µEV-IR for 
24 hours, DNA (DAPI): blue, γH2AX: green, scale bar: 50µm; (B) Quantitative 
image analysis of γH2AX in population of cells 24 hours after R-µNLS and R-Abl 
µEV treatments, values presented as means ± SEM, n=3, * p<0.05. 
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Figure 11: Direct radiation inhibits clonogenic survival in reconstituted 3T3 Abl-
µNLS cells. (A) Representative images of developed colonies formed 15 days after 
direct irradiation at 10gy (IR) or no irradiation (Con) of R-µNLS and R-Abl cells, 
fixed with methanol, stained with crystal violet; (B) Relative survival fractions of 
directly irradiated (IR) or non-irradiated (Con) R-µNLS and R-Abl cells from colony 
formation assay, n=2. 
 
A 
B 
25 
 
 
 
  
Figure 12: Direct radiation increases γH2AX in reconstituted 3T3 Abl-µNLS cells.  
(A) Representative images of immunofluorescence microscopy analyzing γH2AX in 
directly irradiated (IR) or non-irradiated (Con) R-µNLS and R-Abl cells, DNA (DAPI): 
blue, γH2AX: green, scale bar: 50µm; (B) Quantitative image analysis of γH2AX, 
values presented as means ± SEM, n=2. 
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Figure 13: Quantification of extracellular vesicles derived from conditioned media 
of transfected 293T cells by nanoparticle tracking analysis and protein. (A) size 
distribution of nanoparticles present in EV samples from 293T cells transfected with 
vector, red area: standard deviation, mean: 135±5.2nm, standard deviation: 62±6.1nm, 
total concentration: 9.47 ±0.38 e8 particles/mL; (B) size distribution of nanoparticles 
present in EV samples from 293T cells transfected with Ablppn, mean: 127±4.7nm, 
standard deviation: 61±6.5nm, total concentration: 7.68±0.34 e8 particles/mL; (C) size 
distribution of nanoparticles present in EV samples from 293T cells transfected with 
miR-34c, mean: 134±4.9nm, standard deviation: 64±6.6nm, total concentration: 
11.43±0.57 e8 particles/mL; (D) size distribution of nanoparticles present in EV samples 
from 293T cells transfected with miR-34c and Ablppn, mean: 146±5.7nm, standard 
deviation: 71±7.7nm, total concentration: 6.02±0.52 e8 particles/mL; (E) total protein of 
EV samples collected per 10 million 293T cells seeded, protein measured using Lowry 
Assay, n=3, p>0.05.  
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Figure 14: EVs derived from conditioned media of 293T cells transfected with  
miR-34c+Ablppn increase ROS levels in responder cells. A) Representative images 
of oxidative stress detection assay analyzing ROS levels in responder cells treated with 
3.75 µg of EVs from transfected 293T cells for 24 hours, cell volume (cell tracker): red, 
ROS (oxidative stress detection reagent): green, scale-bar: 50µm; (B) Quantitative 
image analysis of ROS levels in population of cells 24 hours after EV treatments, 
values presented as means ± SEM, n=2. 
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III 
DISCUSSION 
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EVs from irradiated 3T3 Abl-µNLS cells, cells without nuclear Abl, did not 
inhibit clonogenic survival, increase ROS, or increase γH2AX in responder cells as 
opposed to EVs from irradiated 3T3 Abl-wt cells. When nuclear Abl was re-expressed in 
these cells, the EVs from the irradiated cells increases ROS levels and γH2AX in 
responder cells. This suggests that nuclear Abl is required for EV-mediated radiation-
induced bystander effects. Therefore, Abl inhibitors, which are FDA approved drugs, 
might be a possible treatment option to reduce bystander effects in patients undergoing 
radiotherapy. The EVs from irradiated R-Abl cells did not however inhibit clonogenic 
survival. Although nuclear-Abl was re-expressed in these cells, it was not enough to 
rescue this bystander effect. Other factors, not just nuclear-Abl, might be regulating 
clonogenic survival.  
EVs from 293T cells transfected with miR-34c and Ablppn increased ROS in 
responder cells. Since Abl is involved in miR-34c processing and EVs can contain 
miRNAs, miR-34c could be transported through EVs from irradiated cells and cause 
bystander effects in responder cells (Tu et al., 2015; Bang and Thum, 2012). If this is 
true, other miRNAs could also be transported through EVs from cancer cells to cause 
bystander effects. miRNAs were found in EVs from glioblastoma patients that lead to 
radio-sensitivity or radio-resistance (Moskwas et al., 2012). miRNAs can potentially be a 
therapeutic target for reducing bystander effects. The miR-34c levels need to be 
measured in EVs from irradiated and non-irradiated Abl-wt and Abl-µNLS cells as well 
as the transfected 293T cells. Other possible miRNAs known to be involved in the DNA 
damage response should also be tested.  
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Since our lab has generated Abl-µNLS mice, a future direction of this project 
would be to extract EVs from irradiated and non-irradiated Abl-wt and Abl-µNLS mice 
and analyze whether they cause bystander effects in responder cells or non-irradiated 
mice. We would also analyze miR-34c levels in these EVs. Another possible future 
direction would be to overexpress miR-34c in cells to identify whether an increase in 
miR-34c expression causes bystander effects in those cells. By understanding the role of 
EVs and their contents such as miRNAs, we can improve the effectiveness of 
radiotherapy by minimizing the bystander effects of radiation in cancer patients.  
This thesis, in part is currently being prepared for submission for publication of 
the material. Rastogi, S., Chan, J., Hwang, A., Bian, C., Nguyen, L., and Wang, Y. J. I 
was the primary investigator and author of this material.  
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IV. 
MATERIALS AND METHODS 
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Generating Reconstituted Cell Lines  
Human kidney cells (BOSC 23 cells) were cultured in DMEM with 10% fetal 
bovine serum and 1% penicillin streptomycin. They were transfected using GeneTran 
with a viral plasmid (PMSCV) containing a PGK promoter, hygromycin resistant gene, 
and a fully intact Abl gene or a Abl gene with mutated NLS. The media was changed 6 
hours after transfection with the addition of hygromycin. Media containing virus was 
collected forty-eight hours after transfection and was filtered through a 0.45µm filter. The 
virus was then used to infect mouse embryonic fibroblasts with mutated Abl (3T3 Abl-
µNLS cells). These cells were cultured in DMEM with 10% fetal bovine serum and 1% 
penicillin streptomycin.  
Transfection of 293T Cells  
293T cells were cultured in DMEM with 10% fetal bovine serum and 1% 
penicillin streptomycin. 100µg of DNA was mixed with 500µL of GeneTran for 20 
minutes and then added to cells. Media was changed 6 hours later to DMEM with 2% 
fetal bovine serum. Media was collected 48 hours after transfection for extracellular 
vesicle extraction.  
Extracellular Vesicle Extraction 
All cell lines used were cultured in DMEM with 10% fetal bovine serum and 1% 
penicillin streptomycin. Media was changed to DMEM with 1% BSA 1 hour before 
irradiation (except for 293T cells, see above section for method). Cells were irradiated at 
10gy. 24 hours after irradiation, conditioned media was collected and centrifuged at 
2,000 rpm for 20minutes at 4°C. The supernatant was collected and centrifuged at 5,000 g 
for 40 minutes at 4°C. The supernatant was collected and ultracentrifuged at 24,000 g for 
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70 minutes at 4°C. The pellet was collected and PBS was added. The sample was then 
ultracentrifuged at 24,000 g for 70 minutes at 4°C. The pellet was saved and stored at -
80°C.  
Nanoparticle Tracking Analysis 
Extracellular vesicle samples were diluted with PBS and inserted into the 
chamber of the nanosight. A laser beam passes through the chamber and the particles in 
the sample scatter light which allows them to be visualized with a microscope. A camera 
records videos of the particles moving under Brownian motion while the software tracks 
the particles and calculates their diameters using the Stokes-Einstein equation. Each 
sample was processed three times.  
Protein Quantification by Lowry  
Reagents for lowry protein assay was from Bio-rad. Mix solution S with solution 
A (1:50). Added 5µL of sample into a 96-well plate. Add 25µL of mixed solution S and 
A and add 180µL of solution B. Cover with foil and incubate for 15 minutes. Use plate 
reader to measure absorbance.  
Colony Formation Assay  
20,000 cells were seeded in a 12-well plate in DMEM with 10% fetal bovine 
serum and 1% penicillin streptomycin. The media was changed to DMEM with 1% BSA 
before being treated. 24 hours after treatment, cells were tripsinized with 0.25% trypsin 
and 2,000 cells were seeded into a 6-well plate in DMEM with 10% fetal bovine serum 
and 1% penicillin streptomycin. Media was supplemented every 3 days for fifteen days. 
To develop colonies, media was aspirated and colonies were fixed with cold 80% 
34 
 
 
 
methanol for 15 minutes. Methanol was aspirated and colonies were stained with 0.05% 
crystal violet for 10 minutes. Colonies were then counted.  
Oxidative Stress Detection Assay 
20,000 cells were seeded in an 8-well chamber slide in DMEM with 10% fetal 
bovine serum and 1% penicillin streptomycin. The media was changed to DMEM with 
1% BSA before being treated. 24 hours after treatment, cells were stained with cell 
tracker (1:500) in DMEM for thirty minutes. Cells were stained with oxidative stress 
detection reagent (1:5000) in ROS buffer (Enzo) for one hour. ROS buffer was then 
added to cells and taken for imaging with confocal microscope.  
Immunofluorescence Microscopy of γH2AX 
20,000 cells were seeded onto coverslips in DMEM with 10% fetal bovine serum 
and 1% penicillin streptomycin. The media was changed to DMEM with 1% BSA before 
being treated. 24 hours after treatment, wash with PBS and fix cells with 4% PFA at RT 
(room temperature) for 10 minutes. Wash with PBS 2X and add 1%TritonX for 15 
minutes at RT. Add 2% BSA for 30 minutes at RT. Add primary antibody (P-H2AX, 
1:500) and incubate at 37°C for one hour. Wash with PBS 2X and add secondary 
antibody (anti-mouse, 1:1000). Incubate for 30 minutes at 37°C. Wash with PBS 2X and 
with water 1X. Mount onto glass slides (Diamond mounting medium with DAPI). 
Imaged with confocal microscope.  
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